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SUMMARY

The feasibility and performance oficlear energgoupled with Negative Emission Technology (NET)
processeswereinvestigated in this report. Three overarching questions fmacfear NETsystems guide
this research: whicNET would be able taseheat and/or electricitirom nuclearpower plants (NPFs);
what is the performance and costafuclearNET system; anevhatwould be the markegutlookfor this
system?

Among the various NETSs that are actively being developed, several were found t@appieenefit

from coupling with @ NPP via (1) large amounts of decarbonized emtstantoutputelectricity; (2) fee
waste heat or cheap leimperature heabpr (3) hightemperature healPPs were found to be
compatible withDirect Air Capturg DAC) systems, and detailed techn@conomic analysis of coupled
NPP&DAC systemsvasperformedPreliminaryanalysis alsindicatedthat biomass and watbased
NETSs are potentially compatible with NPBsit further workis neededo quantifythe performace of
thesenuclearNET systems.

Design and performance analyses wampletedor both liquid solvent DAC (LDAC) and solid
sorbent DAC (SDAC) technologies. A D-GWth NPP coupled with.-DAC andS-DAC was found to be
able to captureZ 15 Mt CO/yr and 1.0/ 1.5 Mt COulyr, respectivelyWhile theL-DAC process enables
muchgreaterCO; capture than the-BAC process when both are sized with @Wth NPP,the NPP&L-
DAC system consideraglsorequires>2 GWth natural ga®xy-combustiorto reachadequate
temperaturen the calcinerCQO; generated from natural gas combustion is also captured as part of the
calcination process, in addition to the £fptured from air, resulting in overall @8equesttion of
close to 30% more than what is captuiren air. The cost of carbon capture calculated with the
levelized cost of DAC (LCOD) had a range df/ 260/tCQ for NPP&L-DAC systems and a range of
$650 680/tCQ for NPP&S-DAC systems. For both DAC systems, the NP&vides economic benefit
when compeed to previoudNational Energy Technology LaboratofNETL) studies of nomuclear

DAC systems, leading to reduction of LCOD kiy7% for L-DAC, and 8 13% for SDAC.

For the NPP&DAC systems,@meliminary markeanalysisreviewed potentialCO, market pries and
eligibility for incentives.The estimated potentiegdvenues for C&capture (coming from federal
incentive, CQ commodity markets, or offset markét)in the range of $17®79 tCQ, and the results
show thatbecause of lower LCORhe NPP&L-DAC process would be motractive to anarket than
the NPP&SDAC processThe large investment needed for NPP&DAC processes would require long
term certainty of sufficient market sizZ80; prices, and incentives. Enabling NPPs to ramp DAC
operationup or downbased on electricity market price is not expected to significantly increassues

of theNPP&DAC system. This is because the revenues fromsgQuestration amequiredto be very
high to justifythe deployment andontinuousoperation of the very expensive DAC technologies.

In thisanalysis severahew researchjuestions were uncovered, and folloy analyses are

recommended for further investigatiancludinga detailed feasibity study of NPP coupled with other

NET systems such as biomass pyrolysis and gasification with carbon capture and storage, and seawater
carbon capture.
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SYSTEMS ANALYSI S AND | NTEGRATI

ASSESSMENT OF NUCLEAR ENERGY T
NEGATI VE EMI SSI ON FECHNOL O

1. INTRODUCTION

TheIntergovernmentdfanel onClimate Change (IPCCBixth Assessment report suggests that u®@ 3
Gt of cumulativeatmospheric Cewill need to be removed by 2100 to limit warming t&C2 and up to
680 Gt to limit warming to 1.8C [1]. Further,fiThe deployment of carbon dioxide removal (CDR) to
counterbalance hartb-abate residual emisans isunavoidable if net zero G@r GHG emissions are to
be achieved. The scale and timing of deploymentejiend on the trajectories of gross emission
reductions in different sectors. Upscaling the deployme@DR depends on developiefjective
approaches to address feasibility and sustainability constraspecially at large scales. (high
confidence) [2]. Removal of CQfrom the atmosphere usidggative Emission Technolis (NETS)

will have an inportant role to play in compensating for residual carbon emissions from sectors recognized
as being difficult to decarbonizsuch agransportation by aviation, shippirgnd agricultureand help

the world achieve net zemmissionsThe U.S. administran is renewing and increasing incentives for
NETswith increased tax credifsinderU.S. Tax Code Section 45Qs part of the 2022 Inflation
Reduction Ac{IRA) [3].

Nuclear energy is already playing an important rolédoarbonizing the electricity sec{@n ~1 GWe

nuclear power plarfNPP connected to the griglvoids emission of-2.7Mton CQy/yr?), and can play an
even larger role in decarbonizing other sectors of the economy through hydrogen production (providing
heat and electricity), highlemperature heat production for industrial applications, district heating, etc.
Another barely considerempportunity br nuclearenergyto contribute talecarbonization is to coupie

with NET: nuclear power generathgat and/pelectricitythat can be used in various N&® remove

CO: from the atmospher@he scale and speed NET deployment will be driven by theadiness and

costs of thaechnologes It is currenty expected thahe costs ofarge scaleCO, removad will need to
decreasé¢o enablewide deployment of NES; therefore DOE recently launched th€arbon Negative
Shotinitiative, which targés pricesas low as $100/tC£4]

As discussed in this report, nuclear energysigportCO, capture and sequestratitathnologies
because oNPPsHability to generatéarge quantiesof decarbonize@nd constanbutputelectricityand
heat Nuclearenergy coupled witla NET systemis also referred asucleaNET in this reportThus, the
U.S.Departmentf Energy (DOE)Office of Nuclear EnergyNE) Systens Analysis& Integration

(SA&I) campaigrjointly with the NationaEnergy Technology Laboratory (NETBfrategic Systems
Analysis and Engineering Directordtaveundertaken thistudyto evaluate the opportunities for nuclear
energy tosupport NETs teemove CQfrom theatmosphere through assessment ottreon reduction
performance and market feasibility\wdriousnucleaNET systems

1.1 Brief Introduction to NET Technologies

VariousNETs areactivelybeing develope{b], butonly the ones thahay be compatible with nuclear
energyd i.e.,thosethatbenefit from adense source of ene@\are considered in this repoktere is a
short description of these NETs

1'Assuming the NPP would be replaced by a B8of@3CONMWHG]r al Gas C
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1 Direct Air Capturg DAC) and Carbon Sequestration (DACCE] fiChemical processes that capture
CO; from ambient air and concentrate it, so that it can be injected into a storage resemase
NETSs are further discussed in Sectiht

1 BiomassbasedProcesss:[5] AEnergy production using plant biomass to produce electricity, liquid
fuels, and/or heat combined with capture and sequestration of appro@uced when using the
bioenergy and any remaining biomass carbon that ismtte liquid fuel The mainNETsin this
category ardiomass combustion, pyrolysendgasification asfurther described in Sectich2

1 Enhanced WeatheringW): [6]f/Ac c el er at ed f we a tffomthé atngospberei n whi c h
forms a chemical bond with a reactive mineral (particularly mantlédogite, basaltic lava, and
other reactive rocks), both at the surface (ex sitlere CQ in ambient air is mineralized on
exposed rockand in the subsurface (in sitwyhere concentrated GQtreams are injected into
ultramafic and basaltic rocksvhere the CQ mineralizes in the porasEW and other watebbased
processes are discussed in SecZi@n

OtherNETswere not considered becausedhwdir obvious lack opotential fornuclearenergy

compatibility, such agoastal blue carbon and terrestrial carbon removal and sequestration that rely on
land use and management practices to storgrCliying plants andn the soil. These NETsvould not
benefit fromthe high-density heat and/or electricity that a NPP would prov@teneNETSs that have

low Technology Readiness Level (TRIuch as C@capture from seawatewere considered and will be
mentioned in this @ort, but no attempt will be made to b&haustiveas this is a quickly developing

field of research

The range of deployment and technology readiness of BEEntionedn this section are well
summarized inhe IPCC2022Summary for Policgnakers[6]:

Al I the illustrative mitigati on -pasdadbielogiypasCODR| MP s )
(primarily afforestation/reforestation (A/R)) and/or bioenergy with carbon capture and storage

(BECCS). Some also include diceair CO; capture and storage (DACCS) (high confidencéxross

the scenarios limiting warming to 2°C (>67%) or below, cumulative voltiofeBECCS reach 328 (168

763) GtCQ, CO; removal from AFOLU (mainly A/R) reaches 2521@D8) GtCQ, and DACCS reaches

29 (0 339) GtCQ, for the 20202100 period. Annual volumes in 2050 are 2.75 (09525) GtCQ yr'!

for BECCS, 2.98 (0.2%.38) GtCQ yr '! for the CQ removal from AFOLU (maiglA/R), and 0.02 {0

1.74) GtCQyr'! for DACCS.

Despite limited current deployment, estimated mitigation potentials for DACCS, enhanced weathering

(EW) and ocearbased CDR methods (including ocean alkalinity enhancement and ocean fertilisation)

are moderée to large. (medium confidenceJhe potential for DACCS (80 GtCQ yr'?) is limited

mainly by requirements for lesarbon energy and by cost (Ii@D0 (full range: 84386) USD tCQ'Y).

DACCS is currently at a medium technology readiness level. Eida®stential to remove 2

(full range: <1 to around 100) GtCyr '1, at costs ranging from 50 to 200 (full rangei 328)

USDtCO,'L. Oceanbased methods have a combined potential to remidl@01GtCQ yr'! at costs

of USD40 500 tCQ ', but theirfeasibility is uncertain due to possible side effects on the marine

environment. EWandocedmased met hods are currently at a | ow t

Consequently, the DACCS and other NET systems are likely going so@smnificantly to play éarge

role in reaching net zero emissions, which would be facilitated through cost reductions as targeted by the
DOE Carbon Negative Shot initiative. Powering these NET systems witkaitting energy such as

nuclear energy for cost reduction of &&@pure is investigated in this study.

2 As a median value [®5th percentile range].
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1.2 Relationship of This Work to Other Work in This Field

Work in this area i€mergingandonly a few groupsreinvestigatingthe coupling ohuclear energy
with NETs Two DOE Office of Fossil Energy and Carbon Managenm@ojects wergecentlyawarded
funding for DAC front-end engineering design studies:

f Constellation received a $3.2M award to explore fiemd engineering design aDAC Solvent
systenfor the lllinois Byronnuclearp o we r  Thé expedted anfiountét carbon removed from
the atmosphere is 250,000 tonnes/year and theda@tured from the atmosphere will be transported
by pipeline to an underground geologic formation in lllinois for permanent stargel T h e
carbonremovd DAC study at Byron Station wil/ invol ve
licensed to 1PointFive, within plant operations at the Byron nuclear plant and its twifodBtll
hyperbolic cooling towers. In the proposed study, a chemical solution wewddded to water
flowing through t he f ac-nucleat sjdé of thenpiamnt.rAftect@avelthg nser o
through the condenser, the water would travel out to the cooling towers, where CO2 in the air will
attach itself to the chemical solutiamd become captured and sequestered for later use, potentially
in industrial processes that will have net zero emissions ranging from creating sustainable aviation
fuel to beverage industry (carbonation) producton. Thi s DAC Sol ventngtbechnol o
NPP is described further in Sectiari.1of this report.

{1 Battelle Memorial Institute received a $3.4M award to proeiffent-end engineering for DAC
Sorbent technology at Southern Company's Joseph M. Farley Nuclear Plant in ColAmabama
fiThe DAC system will be designed to capture at least 5,000 (and up to 20,000) net tonnes of carbon
dioxide (CQ) per year from ambient air. The technology consists mdlymeric amine sorbent on a
commercially available monolith contactor substrate to capture {@Dn ambient air. The twetep
temperature vacuum swing adsorption process begins with moving air across dowlfyeessure
drop contactor that adsorbs tl&O, from the incident air stream, followed by desorption of the CO
and regeneration of the sorbent using steam generated from waste heat. Integration of the system
with an operational nuclear power plant facility will maximize the use of thermal errergyfaste
heat at the host nuclear plant. The captured. @@l be transported offsite for permanent geologic
storage [B] This DAC Sorbent technology and coupling to NPP is described further in S2cti@n
of this report.

McQueen et alkeportedthatcombined cycle natural gésmsed DAC resulted in tHewestgross CQ
capture cost when compared to other electricity sources including neokrar{9] [10]. In their study,
six different electricity sources were considered that provide electricity and trexmngy (electric
furnace for calciner) for the liguidolvent direct air capture {DAC) system9]. The study considerex
Pressurized Water React®WR) and aSmall Modular nucleaReactor (SMRpalong withcombined
cyclenaturl gas, windsolar photovoltaigwith battery) and geothermal sources, andlyzed
performance omultiple air flow and its effect on the gross £®moval cost. Another study considered
solid sorbenbased direct air capture-(3AC) with thermal energfrom geothermal and nuclesources
These researcheronducted a detailed cost analybigsed on U.S. geograptgr feasibility andcited
the importance of financial support for these technologies to reach costs that could lead to mass
deploymen{10]. Researchers at Oak Ridge National Laboratory have also initiated tecbnomic
analyses ofetrofitting an elsting PWRandcouping it with anS-DAC systemwith support froma
Laboratory DirectedResearctandDevelopment (LDRDaward[11].

Other recent studig42] mention the use of biomass and NPP fordil production, with negative
emission benefits. However, the focus is more ordiliproductionto decarbonize various sectors of the
industry, rathethan on negative emissiofwhich may still be achieved butatower rate than
considered in thistudy).A short description of thestudiess providedin AppendixA-2.

The followingsummaryprovides clarification of what this study aims to research and wésbutside
its scope
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1 This study aims$o assestechnical compatibility and economic outcawé variousnuclear energy
technologiexoupled withvarious types oNETs. VariousNETsare eviewedin Section2 to assess
energy needs and potential compatibility with electricity and heat from different NPP technologies.
Because the level of readinesdN#Ts varies drastically and the team had ready access to DAC
information,amore detailed techreconomic evaluatiowascompleted on some DAC technologies
in Sectiord, while onlyaninitial assessmentasperformed on other NETi&ngineered Enhanced
Weathering, oEEW, andPyrogenic application to Carbon Capture and Storagey©@cCS) as
described iMAppendix A

1 ThreeNPP types are consideredthis study. Thispproachs especially important as advanced
nuclear reactor technologies under active development by theitilit§.industry can offer different
conditions in terms of higkemperature heat that could makeesal NETs compatible and attractjve
as discussed in Secti@ Thethree types ofiuclear technologies considered in this report are based
on PWR, SodiumcooledFast Reactor (SFRand Very High Temperature Reactor (VHTR)
technologies, as those are actively being developed by, DOEdingthrough the Advanced Reactor
Deployment ProgranThe analysis performed in this report on PSV8&FRs and VHTRs relies on
spedfic reactor informationbutthe conclusions of this stugyouldbe applicable ta wide range of
industry reactor concepts

1 In this procesdnitial market analysigs completedn Sectiord.3.2by assessing levelized cost of
carboncapturethrough NPR.DAC systens to inform the level of C@market price ofederal
incentives that would be required to make this process economical to a Thitgurrent incentives
for CQO, capture are@lescribedn Appendix B2. Also discussed ithe electricity price that would be
required tancentivizeflexible operation of the RP&DAC system wittelectricity production
prioritizedover CQ capture

f This studydoes not intend to extensively compare the wider range of other NET @paigssciated
with energy production fromaturalgas or Variable Renewable Enef®RE), for instanced that are
alsoassociated with variousmcertaintylevels and deployment timelineHowever, the cost of
NPR&.DAC systensis compared witlthat of DAC systems previously studied at NETL relying on
electrical grid and natural gas heat[t§, 14]

1 This study only considersegative emissiorachievedwith technologieshatcaptue CO, from the
atmospherdirectly orindirectly (asfrom biomass or the ocean)his work could be extendéa the
futureto consider C@capture from flugyas €oal ornatural gas power plants, industries, etc.), which
include a wider range of carbon capture technologies.

1.3 Report Organization

In Section2, adescription of various NEgis provided together witdiscussion benergy needs and
feasibility of NPP couplingThe quality andquantity of heat generatéy several NPP types to support
NET processsare described in Secti@ Detailedtechneeconomic evaluation is completed on some
NPP& DAC systems irBection4, while morepreliminary estimatetr some othenuclearNET systems
are initiated iMAppendix A Appendix B describes pris®f commodities and other source of revenues
for nuclearNET systemsFinally, conclusions and observations discussed in Sectidn
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2. REVIEW OF NEGATIVE EMISSION TECHNOLOGIES AND THEIR
COMPATIBILITY WITH NUCLEAR ENERGY

Various NETSs are actively being developedtysdentific community. This section reviews the NETs

that may be compatible with nuclear energy, meaning that they may benefit from a dense source of
energy. For each NET considered in this study, a short description is provided together with disEussion o
its technology deployment status and outlook, and its energy needs. Three main types of NETs are
describedDAC in Section2.1, biomasshased processes in Secti@, and watetbased processes in
Section2.3 These descriptions are mostly supported by literature review. For each NET, subject matter
expertise is used to discuss its potential connections with NPP technoldgidsdings of Sectior?

will serve as the basis of the selection of specific NETs to consider for more detaileddeohomic

analysis inatersections of this report.

2.1 Direct Air Capture (DAC) Technologies

DAC is a key part of the NETandscapeand is expected to play an important role in the net zero pathway
for many countries by 20905]. DAC is one of the most mature among all METs,withaTRL of 6 7

for DAC [16, 6], with a potential to remove B0 GtCQ/yr. systems capture G@&rom theatmosphere
andproduce a purified and compressed.@@duct stream that can be stored in a geologic formation or
sold as a commodityilwo main DAC technologieareconsidered in the literaturéhe Liquid Solvent
(L)-DAC systenis described in Sectio?.1.1, and the Solid Sorbe(f)DAC systemis described in
Section2.1.2 Other DAC technologiesuch as mineralization anteetrochemical separatipare not
considered in this studgiven the very low concentration of G@ air (~ 400 ppm), DAC requires
significant energy input, whicis an important factdeadng to high cos{5]. Some cost reduction may

be achievedisingheat and electricity from nuclear energg discusseldterin this report.

211 Liquid Solvent DAC
2111 Short Description

The solvent technology is usually referred to as Liquid DirecCapture (DAC). The most developed
L-DAC technology relies on a basic solution such as potassium hydroxide (KOH) to capture drelCO
regenerate the solvent through a series of operations that typically need operating temperatures between
300and900°C (Figure2-1) [17]. This process containsvo loops,the contactor loopnd the calciner

loop. In the contactor logpir is forced though multiple contactothirough whichKOH flows through

packing materialthe KOHreacts withCO; in the airto form potassium carbonati€.CQOs) solution as

shown in Egationl.

U060 ©° v 60 OO0 1
KOH is thenrecovered in a pellet reactor where KOs solutionundergoes an anionic exchange with
calcium hydroxidgCa(OH)) to form calcium carbona{g€aCQ), as shown in Hepation 2.
DO0 66O O gl 006D 2
Thus, all the C@captured from air ends up as CalCThe calciner loop is where tl@&a(OH) is
recoveredFirst, CaCQis converted to calcium oxide (CaO) andLHba high temperaturé200°C) ina

calciner.CO; is purified, compressed and sent to a pipeline for trangpa@. is then converted back to
Ca(OHy) in contact with steam in a slaker.

21.1.2 Potential for Coupling with NPP Technologies

The NPP can couple with-DAC by providing energy to support ibperation in several wayas shown
in Figure2-1 (the blue lines represent the flow of electricity, the green line represents the flow of
atmospheric air, and the blalines represent the flow of captured .0
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{1 Electricity from any NPP technology can be provided to operate the contactor farrg@essors
and other auxiliary loads of theAC system.

1 Heat fromanyNPP can be used to supglgme ofthe calcination heat in the calciner. The calcination
reaction runs at a temperature of arou@d & to convert CaCeto CaO and C@ There areseveral
optionsfor operaing the calciner usinglifferent types oNPPs asanenergy source:

- An dectricaly driven hightemperature calciner using electricity coming directly from any NPP
technology can be used for the calciner ). However, electrically powered calciners are yet
to be widely @ployed in commercial applications, particularly in the size ranges that are likely
required for NPR.DAC applicationsThis option could be considered for future studies.

- VHTR concepts could be developed to operate in this temperature range and prawtdehe
calciner. VHTRs under development in the U.S. are currently targeting lower tempsefdture
energy at 568C, HolosGen at 850C, etc.)because of theechnological challengof operating
at sucha high temperature The idealway to use &HTR as a source of heat for the calcination
reaction would be to mix higtemperature heliurffrom the VHTRprimary coolantdirectly
with limestone, to avoid heat losses from indirect heat transfer. Even assuming perfect heat
transfer from direct mixinghe resulting C@would be diluted with helium, whose separation
would require additional energy. Consequently,
report.

- The wse ofare-heatemperated witiNPRgenerated electricity to increatbetemperatire ofthe
NPPRgenerated heat could be considered in the future.

- For the purposes of this report, the conventional option of supplying heat to the calcinsitloy in
fossil fuel oxycombustion is choseince natural gas is combusted in pure oxygerprbeucts
are only CQ and water vapor. Moreover, since the combustion happens within the calciner, the
CO, from natural gas combustion atige CO; from calcination of CaC@are mixed together.
Downstream from the calciner, water vapor in the product gasidensed and the pure £0
stream is further purified and compressed for pipeline transport. As a result, the calcination step
inherently involves capture of G&rom natural gas combustion as wélxy-combustion of
natural gas (described in Sectn, and shown irfrigure2-1) is used as the reference option

Electricity
l Captured CO,
. ; [
€0,-Depleted Air , Compressor e
Contactor| Loop Calciner Loop '.
L)
CO,
KoH H,0 recycled Condenser
. Contactor
Atmnsphenc. ° e T T AT T H,0 + CO,
Air (~400 R Catos - ’
ppm €0, )% @@ NN b Calciner
900°C

Steam Slaker
300°C

Pellet Reactor| ...« = m

CaCOg4

Ca0 Natural Gas/
Thermal Energy

H,0 + K,C04 Ca(OH),

H, 0 (cycled)

Figure2-1. Coupled NPR.L-DAC system schematic
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21.2 Solid Sorbent DAC
2121 Short Description

Solid sorbertbased [AC (S-DAC) typically utilizes atwo-stage carbon capture process shown in
Figure2-2. During the absorption phase, large fans drive air through @ec@lectors. ©; reacts with

the sorbenfaminebased, metal organic framework, zeolites, alkali mieéaked, etc.and binds to the
material The desorption phas@ginsasthe sorbent is saturateTemperature or pressure swing can be
used tadesorkthe carbon dioxide from the sorbelteat can be supplied either directly or indirectly to
the sorbent using steamaheating medium. Any wateejtheradsorbed by the sorbent fraheair or
introduced through directesamregeneratiofis separated from@; by cooling the gas itam througha
condenserThe SDAC system modeled in this study uses temperature swing for sorbent regeneration
with indirect heat transfer to the sorbg].

2122 Potential for Coupling with NPP Technologies

The NPP can couple withBAC by providingheat and electricityo support its operation in several
ways as shown irFigure2-2 (the blue lines represent the flow of electricapnd the solid black lines
represent the flow of captured €O

' NPP can provide electricity to run the DAC air fans,,€@mpressors and otheomponent®f the
DAC system.

1 NPP can provide heat required for the desorption step. Sorbent regeneration typically requires heat at
conditions close te150°C and 0.5MPa. As discussed in Secti8nthere are several ways to get
directaccess to such steam conditiosingdifferentreactor technologiedhis isa higher
temperature thathat oftypical waste heat in Raimie Cycles (used in most PWR or SFR cqutsg,
butit can be obtained through extraction of other steam lines at the expense of electrical output. Some
VHTRS, such as the one considered in SecBdnprovide access to waste heat at 125which is
directly usable fothe S-DAC process without affecting electrical productiomthe analysis
performed in Sectiod.2 the heat exchangdHX) is placedetween NPHroduced steam/helium
and steam going through Solid Sorbent, which helps adidactive contaminatioof solid sorbent
materials

Electricity

| Steam

Absorption Desorption h

CO,-

- *0,
Compressor .

Depleted Air|
J LA, I
® : red CO.
Captured CO,
° :
- H,0
Atmospheric
Air (~400 Solid-Sorbent Solid-Sorbent
ppm COz) -

‘ ] Vacuum
[_)) pump

Residual CO,-
Depleted Air

Figure2-2. CoupledNPR& S-DAC system schematic
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2.13 Deployment Status and Outlook for DAC

The first largescale commercidl-DAC plant designed to captugg 0 0 , 0 @y@ar, is @ @dvanced

development by 1PointFive and is expected to be operating in Texas hywgd2bCarbon Engineering

Ltd., technology{19]. This facility is designed to implement geological sequestration to store the captured

CQOu. The company expéxsale othe carbon creditalong with tax incentives from the U.IRA of

2022 to sustin itsbusinessA2 021 DOE grant is funding Global Ther
design for a S-DAC plantin Coloradowith an annual capagiiof 100,000 ton§20]. Internationally, an

improved investment environment led to announcements of several new DAC projects in 2021, including

the Storegga Dreamcatcher Projec{IA C, Uni t ed Kiremgvdlcand)the HIE Haru@©oi

eFuels Pilot Plant (®AC, Chile) for producing synthetic fuels from electrolybmsed hydrogen and air
capturedC@ Synthetic fuels (up to 3 milliolRuelASters) a
consortium inNorway by 2024, including (but not using exclusively) £&@ptured from $AC. In June

2022 1PointFive and Carbon EngineeringlAC) announced pl scaleDACoO depl oy

facilities by 2035 (each with eyearaupdercurrentpoleypaci ty
and voluntary and compliance market conditions, while Climeworf83AS) hasannounced the
construction bitsl ar gest pl ant to dat e, Ma mmgyeah, whicha pt ur e c a

should become operational by 202he of the potential limitationsn L-DAC deployment is the large
water requirement (8.3 tonsof waterper ton of CQ), which makes it difficult to deploy in some
locations.

A considerablemount of research is being carried out in the areas of sodeiodment, contactor

design, sitingand alternative heat and power sources, in order to reduce the overall cost of thg system
which is a major roadblock to largeale deploymef1] [22] [23]. While a commonly touted advantage

of DAC is that it is not site specific, to reduce costs, DAC systems need to be collocated with water
sourcegL-DAC), CO; pipelines, CQstorage sites, and le®O,-footprint energy sources. Avability

of low-cost or waste heat is also an advantage for many sorbent systems. For solvent systems utilizing in
situ NG oxycombustion in the calciner, proximity to NG pipelines is also advantageous. The local

climate also impacts DAC system performameith ambient temperature and humidity (feD&C)

playing alargerole. Generally, higher temperatures lead to poor sorbent performance, while the effect of
humidity is positive in some sorbents and negative in others.

While SDAC and L-DAC have been the more mature among the DAC technologies, there is a small but
growing DAC portfolioof technologieshat are currently beloa TRL of 6, including electreswing

absorption (ESA) and membrabased DAC (rDAC). ESA works @ the battery/electrolysis principle

an electrode absorbs €@hen negatively chargednd releases the captured {ihen a positive charge

is applied24]. In them-DAC processCQO:; is captured from air thas passed throughas separation
membranes. However, this technology is still in its infaacyl developing compressors to compress

large amourgof ambient air isinsolved25]. ESA and mDAC have potential for future useith nuclear
power,butthese low TRL DAC technologiese not considered further in the present study

2.2 Biomass -based NET Processes

Biomass is matter derived from organisms, and the predominant form of biomass used for energy comes
from terrestrial plants, whictomprise about 80% of all biomg&§]. In the U.S. in2021,over 90% of

primary energy from biomass came from terrestrial plfgns28] Other forms of biomass that can be

used forenergy will not be covered here, including aquatic plants, other photosynthetic organisms like
algae, and animal wast@s$].

The biomass of terrestrial plants is called lignocellulosic biomass, and it is composed of three prima
organic polymers: cellulose, hemicellulose, and lignin. The proportions of these components vary by plant
source, but combined they account for about 90% ofithelant mass, and they are composed of carbon,
hydrogen, and oxyggR9]. The remaining fraction of the plant mass is composed of lipids, proteins, and
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minerals, some of which also contain cardditimately, woody plantdike treesare composed of
approximately 50% carbon by dry weigB0].

Plants capture and sequester carbon dioxide from the atmosphere in their tissues through photosynthesis.
When plants die, their carbdiearing molecules are broken down by natural processes and returned to the
atmosphere or sequestered in other deyas. Likewise, if lignocellulosic biomass is burned to produce
energy, much of its carbon is released as carbon dioxide, but this is eventually taken up by other plants
and sequestered in their tissues. Thus, biomass burned in the traditional way batiedicarbon

dioxide emissions is carbon neutral

The key to using biomass for negative carbon emissions is to interrupt the flow of carbon back to the
biosphere when biomass is burned or otherwise processed. This can be accomplished by removing solid,
liquid, or gaseous carbdrearing materials when biomass is heated in thermochemical processes. In all
cases, the biomass must be dried first (typically with 180°C heat). Next, the process choice diverges

by the available heat temperature and the eégiroductsCombustion is exothermic (no external heat
source needed), and it produces mostly carbon dioxide and ®atelysis heats biomass in an anoxic
environment at 2Q@00°C, and it produces larger amounts of solid char with a slow heating rate.
Combustion is exothermic (no external heat source needed), and it produces mostly carbon dioxide and
water. Gasification heats biomass in a hypoxic environment (less oxygen than needed for complete
combustion) starting above 500, and it produces mostbarbon monoxide and hydrogen.

The carbon sequestration method used depends on the physical form of thebeariog products.

Solid char is nearly entirely carbon, and it can be used in agriculiupetentially buried. Liquid

products like bieoil, if not used as feedstocks for carbmgutral fuels, could be reinjectedardepleted
petroleum reservoirs. Similarly, gaseous products could be injected into reservoirs, but they might also be
disposed of in deep saline aquifers or the deep ocean wegre/tiuld remairassupercritical fluids

owingto high pressure. Some carbbearing products, like bioil, methane, and carbon monoxide, are
potential feedstocks for other industrial processes, but using them in this way would reduce the carbon
removal performance of a NET, as further discusse@aichA-2.

These processéscombustionpyrolysis, and gasificati@ aredescribed in more detail in the following
sectionstogether with their potential tatilize the heat and/or electricity produced byNPP All three

of these processes have been developed into commercial technologies at various scales and in multiple
industries. For widespread deployment of biordaessed NETS, new biomass supply chains woalgh

to be developed and scaled up by several oaferggnitude. For example, in Feb. 2023, the U.S. had an
annual production capacity for densified biomass fuel pellets of about 12 Mt/year. Assuming that 50% of
this mass was carbon and that it couldudly sequestered, that would be the equivalent of 6 Mt/year of
carbon or 22 MCOs/year,which isfar below the 4005,200 Mt CO./year needed to limit warming to

2°C|[1]. There are also concerns that largeale biomass prodtion might compete for land with food
production and biodiversity conservation.

Althoughthis report focuses on carbon flows and negative carbon emissions, the thermochemical
processes described here also apply to biomass upgrading for biofuel produwi@nare chemical and
economic tradeoffs between producing biofuels and sequestering carbon for negative erassions
discussed in Sectiofy-2, but process optimization is beyond the scope of this work.

3 This is carbon neutral in treecounting of carbon that is embodied in the biomass. It does not coveycliéeor supplychain
carbon emissions (e.g., energy used for harvesting and processing), the timing of release versus reuptake, or ecosystem
changes.

4 Biochar has benstudied a a soil fertility enhancer, and it is expected to remain biologically inactive for hundreds to
thousands of years.
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221 Biomass Combustion (BECCS)
2211 Short Description

Like coal, biomass can be burned (combusted) in a boiler to produce heat for inprstdases or to

produce steam for electricity production. Since the flue gas is rich in carbon dioxide, it can be processed
with a carbon dioxide capture technology, thus removing most of the original carbon from the waste
stream. This captured carboroxide can then be transported and sequestered. Whereas this process with
coal would still produce net positive carbon emissions, the same process fueled with biomass would
producenet negative carbon emissions. This set of-postbustion capture technoieg is often referred

to as bioenergy with carbon capture ataragg BECCS)

For biomass combustion, typical feedstocks include wood and wood wastes, but other types of
lignocellulosic biomass are used in some cases. Most often, biomass is reactédatiigh

temperature in a boiler. Since combustion is an exothermic process, no external heat is required. Flue
gases consist of carbon dioxide, water vapor, nitrogen oxides, and sulfur dioxide. The carbon dioxide can
be separated from the flue gas stneda the same capture technologies being considered for DAC:
solvents, sorbents, and membraridss postcombustion capture process can capture 95% of the carbon
dioxide in the flue gaf31].

One significant difficultywith DAC and pos{air)-combustion capture is that air is nearly 80% nitrogen,
necessitatingnuch larger and more expensive components to handle the extraneous nitrogen. Other
combustiorbased technologies circumvent the nitrogen problem by reacting the faebwygen only or
an oxygerbearing compound, which is known as dxgl combustion. Examples include the Allam
Fetvedt cycle (commercialized by NET Power) and chemical looping combuEtiose CQ separation
processes are capiiattensive and require ergy (heat and electricity), which could come from the
biomass combustion, the grid,am NPP Their carbon dioxide capture efficacy is also typically 85%,
which is lower than postombustion capturf31].

2212 Deployment Status and Outlook

According totheIPCC, BECCS istt TRL 5i 6 with worldwide mitigation potential of G:31 Gt CQlyr

[6]. However, thdnternational Energy AgendyEA) classifies biopower with postombustion capture

to be at TRL §32], owing partly toits commercial demonstration at two power plants in Japan and the
U.K. The MikawaBECCS power plant in Japan began commercial operatiord2 iRis a former coal
plant retrofitted to burn biomass with pastimbustion capturf82]. In 2019, the Drax power plantthe
U.K. started capturing tbonne CQ/day at one of its four 66MW e biomass unit§33].

2213 Potential for Coupling with NPP Technologies

A process schematic for a typical biopowgstemwith postcombustion carbon capture (BECCS) is

shown inFigure2-3. Becausédiomass combustion is exothermic and-sei$taining, there is no need for
external energy from a nuclear reactor. The drying of biomass feedstocks and the regeneration steps of the
carbon capture processes could be accomplished by diverting some of the combustion heat. The auxiliary
electrical loadequirementférom the carbon capture equipmentuid be met with power produced at the
turbogenerator. Alternatively, a nuclear reactould be operated to providiee heat and electricity to

operate the carbon capture equipment, which will incréeeselectricity production of the biomass plant,

but only at the expense of thattthe NPP(the impact of DAC on NPP operation is discussed i

Sectiord). Consequently, there is no obvious way that external heat or electricity from a nuclear reactor
could improve this process.
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Figure2-3. BECCS system schematiote that there is no NPP coupling.

222 Biomass Pyrolysis (PyCCS)
2221 Short Description

Pyrdysis of biomass is the process of theram@mically decompoig organic material at high

temperature (200i 600 °C) in the absence of oxygen (i.eithout CQ emission). There are various ways

of providing the heat required to enable pyrolysis (microwave, external combustion, etc.), and nuclear

heat and/or electricitgouldbe considereh this process. Other related terms include torrefaction

(usually slow heating below 30C) and hydrothermal liquefaction (pyrolysis in steam or another
solven)A Py CCS0 is the term used for RJStoagdddhi ¢ appl i ce

There araghreetypes of products from biomass pyrolysis, witrying productionyieldsthat are
optimizedby manipulatinghe biomass type, temperatuchemicakinetics, and other parameters

1 Biocharis a solid residue rich in carbon
1 Bio-oil is composed diquid components that contain hydrocarbons and water

1 Bio-gas or syngais a mixture of gass including carbon monoxide (CO) and hydrodeee
Section2.2.3for more on gasification)

Biochar can benixed with soilto store carbon whileeturning mineral nutrients to the stollowing
pyrolysis, leading t@ potentally (but not always) significarnihcreag in theyield of some crops (by
100% inthe Nepal region [34]. Carbon storage in biocharasrecognized way to store €®ith a long
storage timdrameestimatedat 500 yearsr more Biocharcanalsobe used in some industrial
applicatiors such asupercapacitor materialg/kiichare used in transportation batteries)

5 There exist also chemical and biochemical pathways to convert biomass into bmftitieseare not discussed in this report
becauseuclear energyas no clear role in these pathways
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Both bic-oil and biecgas can be used to fuel the pyrolysis process or to produce valuable fueds suc
hydrogenfrom steam reformin§ Severakcommercial applications of bifuelshave beemronsidered
such as bioplasti@mndamendment odsphalt and building maials. Use and production of bioil from
nuclear energgnd biomassvas described ifi2] andis further discussed in Secti@2. Bio-fuels(or at
least the less economically valuable componearas)d also be sequestenediatively easilyinstead of
beingcommercialized for combustipto increasehe negative emissin performancef PyCCS[34], as
proposed by Charm IndustrigB5]. Bio-gas thatontains 150 45% of the biomassarbon could be
sequestered through more expensive traditisequiestration systems.

2222 Deployment Status and Outlook

According tothe IPCC[6], pyrolysisis at TRL 6 7 with worldwide mitigation potential of 0.8.6 Gton
COolyr. Pyrolysis is a welknown andwell-developed concepfiyst usel in ancient Egypt. It is typically
applied to produceoke from coal, which is an essential part of the steel production préyeslysis
generated biofuels were usedproduce alternative transportation fuglsingWorld Warsl and II.
Pyrolysiswasalso widely used in the chemical industgyuntil 1950 to produce basic chemicals such as
methanol, until it became much cheaper to produce them from fos$8@jils

A significantamountof research is ongoing to optimize pyrolysis proes8s different biomass forms
and targeting different producSlow pyrolysis at lowtemperaturecan produce more biochar, while
flash pyrolysis (readghg 400 600°C within a fraction ok second) prduces bic-oil, and fast pyrolysis
produces biail and biegas.For CQ sequestration purposes, slow pyrolysis with tempersiarie
500 650°C range is recommendedith a realistic sequestration of BD% of CQ when sequestering
biochar and biail, but theoreticallythis levelcould reach 909%434]. Changing conditions will likely be
required if economil products(coming from bieoil, biochar or biegas)are expectedashigher
temperatures lead to increadmd-oil and biegas yield with improved composition {ldnd CH
production yields).

According to[34], the PyCCS technology is ready for implementation agoases ranging froramallto
industrial Networks of smallescale FCCS systems would reduce environmental sifiects but would
comewith larger logistic challenges.

Environmenal impact from largescale biochar use is still an area of active research and caution as it can
positively or negativelaffect soil propertie[34]. Current aresof research focus on cost reduction,
improving process reliabilityand scaling upCurrently, biochais produced for 300600 euros/ton, and
bio-oils for 19 400 euros/toywhich is higher than their ergatic value. It will take C@carbon

penaltesand storage incentives to make this process economically attrggztjve

2.2.2.3 Potential for Coupling with NPP Technologies

Figure2-4 shows a schematic of an example pyrolysis process coupledmitiPP Pyrolysisbegins
with alow-temperature endothermjenergyconsuming)rocesswhich isfollowed byanexothermic
process athightemperaturegchievedhrough the use of bigas)[37]. It is not clear if the overall
pyrolysis process with the use of fjas is always exothermic or coutll be endothermic in some
cases. Without the use of bims, it appears to be always endother@@nsequentlyproviding energy to
the systenvia an NPRvould enable improvedio-gasyield.

A NPP(SFR or VHTR)can play a role in providing higiemperature heat and electricity for stow
procesdow-temperatur¢500 650°C) pyrolysis.For low-temperature heat applicatiom X could be
placedonthe NPP secondalgopto extractthe heat reqired to fuel pyrolysis with circulating Nor
arother inert gagHigh-temperaturdlashpyrolysis processcould potentially usauclear electricity to

6 Steam reforming is arpcesgor conveting hydrocarbosinto hydrogen and CO through treatment with higimperature
steam, irthe presence of a catalyfst03].
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reachthetargeted temperaturglectricity fromthe NPP may also be used at various stages of the PyCCS
process.

This process may be betwiritedfor smallscale applicationsnvolving eithersmaltsize rectas or
nuclear reactors dedicating only very small fradiofitheir hightemperatureheat to this process.
Alternatively, this process mayeltonnectedo other backend processes for processing pyrolysis
products such as bio-fuel refinery or biochr vaporizationwhichare also energintensive processes
used to increase the value of these prodagtsirther discussed in Sectidhg.3andA-2.
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Figure2-4. CoupledNPR&PyCCSsystem schematic.

2.2.3 Biomass Gasification
2231 Short Description

Gasification is theonversion of biomass or hydrocarbons into various product gases. Focusing on
biomass, the feedstocks for gasification can be raw biomass, dried biomass,(prazhared fronthe
abovedescribed pyrolysis proces3hese products are fed into a chemieaktor called a gasifier. If the
available oxygen is kept significantly below the stoichiometric mixture for combustion (or is unavailable
in some cases), the biomass will be gasified, producing hydrogen, carbon monoxide, carbon dioxide,
steam, methanend other minor gases. Thigsificationoccurs because the primary combustion products
(carbon dioxide and steam) are reduced by the solid char (carbon), stripping them of oxygen. Smaller
amounts of tar and char are also produced. Carbon monoxidiertdaer be reacted with steam in the
watergas shift reaction to produce carbon dioxide and hydrogen.

The reduction reactions at the heart of the gasification process (steam and carbon dioxide reacting with
char) require temperature§500' 1,400 °C[38], depending on the gasifier design. On the lowest end of
gasification temperatures, up to 70% by volume of the product gases will be hy[B@pdncreasing the
gasifier temperature tends to createre carbon monoxide and carbon dioxide, decreasing hydrogen,
methane, tar, and char product{df]. This would be advantageous where gaseous cdréaring

products are desired for sequestration rather than liquid or solidigis
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Compared to combustion, gasification concentrates ash and other contaminants which could otherwise be
released to the environment in the combustion flue gases. Compared to both pyrolysis and combustion,
gasification can generate large amountsyafrbgen which could be sold for various purposes.

2232 Deployment Status and Outlook

Gasifiers have been designed and built since the edflgetfury, with early examples used to produce
combustible town gas (carbon monoxide and hydrogen) before the exploitation of natural gas. There are
several large industrial gasifier producers worldwide, with most designs being either fixed/moving bed or
enrained flow[41]. Advanced gasification technologies, such as plasma torch, are in various stages of
development, demonstration, and deploynjé2L.

Carbonbearing products from biomass gasificat&hould be carefully accounted for to avoid reducing

the efficacy of the negative emissions aspect of the technology. Carbon monoxide and hydrogen are the
feedstocks for the Fischd@ropsch processvhich produces liquid hydrocarbons. These reactions do not
occur during gasification because the temperature is too high. Besides the potential to produce liquid
hydrocarbons, carbon monoxide can be combusted as a fuel or used in many industrial ocdesses
acetic acid production. However, any carbon monoxide produced by biomass gasifiegi®not
subsequently sequestered would potentially lead to some carbon being recycled in the biosphere.

2.2.3.3 Potential for Coupling with NPP Technologies

While oxygenrich combustion is exothermic and can be asedftaining reaction, oxygewoor

gasification (reduction) is endothermic, so it needs an external heat sasiopy(olysis processes). A
gasification plant can be designed to use its own combuptibtiict gases (carbon monoxide, hydrogen)

to produce external heat for the gasifier, but this could require up to 15% of the original feedstock for
combustion{38]. Nuclear reactor heat could be supplied here instead, leaasibgrcmonoxide to be

further oxidized to carbon dioxide for capture and ultimate sequestration, and the hydrogen could be sold.
This would boost the conversion efficiency of input biomass to output carbon for sequestration. An
example coupled NRgasifiersystem schematic is shownkigure2-5.

Newer gasifier designs that use plasma torches could also be compatible with nuclear reactors. Here,
nuclearsupplied heat could praeat the incoming biomass, and then electricity would be used to power
the plasma torches.

VHTRSs (and possibly SFRs) could provide the required temperatures for direct gasification. Fluidized
bed gasifiers would be most compatiblehaiuclearsupplied external heaince updraft and downdraft
gasifiers utilize partial biomass combustion to supply heat for the reduction reg¢8brhe fluidizer is
typically air, oxygen, steam, carbon dioxide, or migs of two of these. It is likely thah HXwould be
used to transfer heat from the primary or secondaryddtipe NPRo the fluidizing gas in contact with

the biomass.

Additionally, nuclear heat and/or electricity would be used in separating syrgais icomponent gases

(H2, CO, CQ, CH,, etc.). Carbon monoxide could be combusted for energy, or it could be further reacted
with steam in the wategas shift reaction to produce carbon dioxide and hydrogen, leading to another
carbon dioxide stam forsequestration. Likewise, the methane stream could be combusted, or it could be
reacted with steam (reformation reactions) to form carbon monoxide or carbon dioxide, which again can
be further processed for ultimate sequestration.

Gasifiers have beeatfesigned to ramp their production up and down, and this is primarily in the context of
integrated gasificatiooombined cycle power planfg4]. However, very fast ramping is not

recommended to avoid material stress. The ecanonpact of variable production has not been

assessed, but it could be considered for future analysis.
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Figure2-5. Coupled NPRGasificationsystem schematic.

2.3 Water-Based NETs

Atmospheric carbon dioxide catso be removed via chemical reactions with water. When fossil fuels are
burned with air, some of the fossil carbon released into the atmosphere as carbon dioxide dissolves into
surface waters, reacting with water molecules to form carbonic agiigf The aqueous carbonic acid

can further dissociate into bicarbonate (Hg@nd carbonate (G£) anions in varying proportions
depending on the pH (E§; Figure2-6). Freshwater pH is typically in the range6.5/ 8.5, so the

combined carbon dioxide and carbonic acid concentration can vary from nearly half at thenidwer

almost zero at the higher end.

66 O6 z 066 z 'O O& z ¢t'O 080 3
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Figure2-6. Variation of equilibrium concentratiomith pH for various carbotbearing species in water.

At atypical seawater pH around 8.1, carbonic acid rapidly dissociates into bicarbonate and carbonate
anions. The resulting seawater is richest in bicarbonataa(®7.7%), followed by dissolved carbon

dioxide gas (1.7%) and carbonate anions (0.6%). Thus, the chemical reactions in seawater pH favor the
formation of bicarbonate, which tends to stay in sofutio

Waterds pH can be man i qmdEigue2-Gsdggdstathad makirgwater ngre of way .
alkaline would allow for the dissolution of more carbon dioxide from air, while making water more acidic
would allow moredissolved carbon dioxide to come out of solution, facilitating capture. Both of these
directions for pH manipulation have been employed in NETs and will be described in the following
sections: water alkalinization BEW (2.3.1) and water acidification in indirect seawater captdrd.p.

These techniques are also beisgditogether in the new Equatic prodd&§. The coupling of these

NETs with nuclear power is prospective at this time, but it is worth considering since all of these
techniques require lowarbon energy inputs.

231 Engineered En hanced Weathering
2311 Short Description

Enhanced silicate rock weathering (EW) techniques aim at accelerating the naturally occurring chemical
reactions between rocks (likasalt, which is abundantly stockpiled as gopbgduct of the aggregate

industry, andchas fastveathering properties), water, and atmospherig @it the aim to store carbon in
minerals (carbonates or silicat¢4p]. Traditionally, this storage is accomplishdxy spreading crushed

rocks near water sourediCurrently, the weathering of rock by carbon dioxide and water, a natural
process, absorbs about 1.1 Gt CO2 per year from the atmosphere, mainly stored as bicarbonate in the
ocean [3] One significant advantage of EW over the DAC approaches is that EW alaesgjnire CQ
compression and underground storage, asi€@irectly stored in the calcium carbonate of the soihor i
seawater in the form of bicarbonate i@ssdescribed irquation4 [46]:

¢ O WWQoO) 2z ¢OA O6w Oz 6w® 060 OO 0OYR 4
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Theuse of EW for carbon captuhas the following limitations:

1 Chemistry occurring naturally can potentially reverse the reaatioirelease some tife CO; to the
atmosphere (likely with a long kinetigs)

1 Itrequireshandling ofa large amount of crushedck and waterand
T Itis a slow naturallpccurring process

Research is actively being proposed to evaludietherthe process could be spedthpough the use of
flowing water and combination with DAC for increased &0ncentration. Several concepfs o

iengi ne ereferddto bEldMas EEW) are actively being develoddd, 48] and there is

significant design optimization undeay that is expe&dto improve performance. This summary focuses
on oneapproactthat maycoupleparticularly well with a nuclear reactor. This is a specidégigned
packed bubble column (PBQroposed irj48], in whichthe reacting mineral pécles arecontacted with
air and water and provide interfacial area for-ligusid mass transfer.

The PBGbased EEW technology uses a tstep approactas described ikigure2-7:

1 To begin the procesatmospheric air would have to be enriched in,G@ssibly using a DAC
system Thisenrichmenis required for use of seawater instead of fresh water in the PBC.

1 TheCOs-enriched air igshen fed into théBCvia a bubler. Here the C@would rise through the
PBCand bind itself to the minerals.

23.1.2 Deployment Status and Outlook

According to IPCJ6], EW isatTRL34 wi th Arealistico word4d dwide miti
GtonCQlyr, but some studies have shown up to 95 Gta@Orhe EW is a naturally occurring process,

and accelerated technologies of EW are under active development. THeaB&EEW technobgy

described if47, 48]is very recent and idemonstratedt laboratory stage, but significant work is likely

needed to optimize performance for industrial scale. Coupling ofl#3€d EEW with NPP is at a very

prospective stage and has never been considered outside of this report, to our knowledge.

This process requires a lot of watkutit can bemadecompatible with seawatéwith the added use of
DAC), so location in coastal areas may be nagneropriateThe process requires access to a large
amount of Silicate rock, sbrequires transportation access. The quantity of water and rock required are
discussed in Sectioi-1.

Long-term retaining of carbon into the seawater must be properly accountéudadernot to over
estimate potential of EEW @NET. The degassing of G@ the loss of captured G&rom water that is
returned to the atmosphera.dddition tadegassing, the naturallgduced precipitation of carbonate in
seawatemay lead to additional CQOeleasewhichwould furtherreduce performance of the EEW
process.

2.3.13 Potential for PBC-based EEW Coupling with NPP Technologies

Nuclear can suppt thePBCGbased EW technology by providingoth heat and electricity, as detailed in
Figure2-7:

1 NPPelectricityis usedor pumping water and air into the PBC &y, for crushing rocks, etc. Any
NPP technologyvould be suitable.

1 NPPheatandelectricityare usedor DAC operation to increagbe CO,concentrationn the air
going through the PBO'he method can be similar to tlthascussed in Sectidh 1l Howeverthe cost
of usingDAC will be reducedsince there is no need to enrich G@very high concentratiaa(~5%)
in thisPBCsystem
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Consequently, any NPP type can theoretically be compatibleEkliti technologies. The best
performance wilbe obtained from the NPPs that pair well with DAC technologies (as discussed in
Section2.1).
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Figure2-7. Coupled NPREEW system layout.

2.3.2 Indirect Seawater Capture (AKA Direct Ocean Capture)

If dissolved inorganic carbd(DIC) is removed from seawater, it shifts the reaction inFayt of

equilibrium, favoring the forward reaction of dissolved @€acting with water to quickly fom

bicarbonate ions. Thighift allows more atmospheric G@ be dissolved, reducing atmospheric,CO
indirectly, thus the mol®Cker Aindirect seawater

While the annual mean carbon dioxide concentration in the atmosphere is approximatgdyn4a0le
fraction[49], it is around 500 ppm mole fraction (as dissolve@)d®the Pacific Oceafb0], and total
seawater DIC is approximately 100 times higher than this. More importantdydimeering design, the
volumetric density of atmospheric carbon dioxide is approximately 0.82 mg/l compared to about 29 mg/I
DIC in seawater, about 35x higher. Thus, the much higher volumetric density of inorganic carbon found
in seawater compared to tasmosphere could mean lower costs per tonne of carbon captured.

ISC of carbon has been reportesingseveral methods, most of which involve electrochemical pH
manipulation (pH swing) ttemporarilyreduce the pH below 6, which favors the gaseous carlosiddi
and carbonic acid sides of Ej[51], before the pH is returned close to the original leVhése methods
include gaspermeable mmbrane$52], ion exchange resiniS3], membrane electrodialyqis4] [55],
membrane electrolys[§6] [57], dual electrolytic cell§58], and electrochemical hydrogen loopib§].
All of these are designed to extract carbon dioxide as a gas from seawater, although sbme may
modified to directly produce minerals like calcium carbonate or calcium bicarj66§{61]. Membrane
electrolysis also generates hydrogen gas as a byproduct, which is a valuable commodity.

7 Dissolved inorganic carbon is the sum of all inorganic carbon compounds found in an aqueous solution. For seawater, these are
almost entirely carbon dioxide, carbonic acid, carbonate, and bicarbonate.

c
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Two membranebased methods are discussed in further detail in the following sections: membrane
electrodialysis and membrane electrolysis.

2321 Membrane Electrodialysis
2.3.2.1.1 Short Description

Electrodialysis techniques use semipermeable membranes and electric feldarate different types of
molecules. For DIC removal from seawater, bipolar membranes are used to selectively increase the
concentration of Hications with an applied voltage, lowering the pH. This technique is referred to a
bipolar membrane electrodyalis (BPMED). If multiple BPMED cells are connected in series, the pH of
the seawater is lowered in sequence. The acidified seawater is placed under vacuum to cauge the CO
come out of solution, yielding a pure gas. Finally, the acidified, decarbasezedhter is mixed with the
alkalinized seawater on the other end of the cell stack to yield a moegetat@uent.

The seawater pH in the final BPMED cell will determine the relative concentration of gasepkCO
example, a pH ofesults inapproximagly 50% of DIC as C& whereas a pH of #esults in
approximately 99% of DIC as G(b4]. Lower pH would yield more CQper unit of input seawater, but
atthe cost of additional BPMED cells.

2.3.2.1.2 Deployment Status and Outlook

BPMED with seawatewasdemonstrated at laboratory scale as early as [B2)5Several experimental

studies have been conducted on,€ith solutions since 20063] [64], but only a few have considered

carbon removal from seawater. One study demonstrated the extraction of 59% DIC from seawater with an
energy consumption of 242 kJ/mol(e@64]. The key BPMED#dchnology is in widespread industrial

use for water purification, acid/base production, and pH correction in the food in@&§try

2.3.2.1.3 Potential for Coupling with NPP Technologies

Eledrodialysis requires electricity to set ugethlectric fields in the electrochemical cells, to pump
seawater, and to run the vacuum stripper, among fthetions Increasing seawater temperature would
also increase reaction rates, although the use of higher temperatures and pressures with BRMED ha
been reported in the literatutéPPsof all types could supply the necessary electricity and potentially
also heat below 10T for preheating the feedwater.

Electricity
! Decarbonized
e
CO, from Acidified seawater
atmosphere seawater
reacted with EEMEIEIREED _
seawater to

form DIC

Sequestration

Figure2-8. Coupled NPRElectrodialysissystem schematic.
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2.3.2.2 Membrane Electrolysis
2.3.2.2.1 Short Description

Electrolysis is the use of a constant electric current to produce chemical reactions that would not
spontaneously occur. In the case of water, electrolysis breaks water moletulasletular oxygen (at

the anode) and molecular hydrogen (at the cathode). The anode and cathode reactions also produce
protons and electrons, and these can be exploited with bipolar cation exchange membranes to create
conditions beneficial for carbon dime removal.

One example of membrane electrolysis uses a-ttwagartment electrochemical cgb]: an anode

compartment, a center acidification compartment, and a cathode compartment. Deionized water is
continuously flowedeparately through the anode and cathode compartments, and water electrolysis

occurs here. Seawater is flowed into the center compartment. A cation exchange membrane separates the
anode and center compartments, and the protons produced from electrahesisraide are selectively

migrated towards the cathode. Next, these protons enter the-cempartment seawatexhich isrich in

sodium ions. Another cation exchange membrane separates the center and cathode compartments, and the
sodium ions migrate tbugh the membrane into the cathode compartment.

In this setup, the anode compartment produces molecular oxygen, while the cathode compartment
produces molecular hydrogen and sodium hydroxide. The center compartment produces seawater with a
pH low enough to encourage the formation of carbon dioxidevgaish can be stripped under vacuum.

The decarbonized, acidified seawater can be reacted with the sodium hydroxide from the cathode
compartment to bring it back to a neutral pH. Besides seawatantiaumus supply of deionized water is
needed to flow through the anode and cathode compartments.

The end products are hydrogen, oxygen, and carbon dioxide gases in separate streams. Both hydrogen and
oxygen gases are valuable byproducts, and the carbxidelican be transported or further reacted for
sequestration. Most of the energy required for this membrane electrolysis process is used for water
electrolysis; no additional energy is required to create ther€® centercompartment seawater. Some

enepgy is required to run the vacuum pumps for oxygen, carbon dioxide, and hydrogen removal from the
various compartments.

2.3.2.2.2 Deployment Status and Outlook

Membrane electrolysis has been demonstrated at the laboratory scale using natural seawater (83 ml/min
CO, with currentof at least 6A). Hydrogen generation increased proportiyntd the applied current

[56]. A further study described process modifications to improve the electrical efficiency and to decrease
the electrode polasi reversal time, which is needed to mitigate electrode fo{fidh This technique

was designed as the precursor to synthetic fuels production from seawater, so the energy required for
carbon dioxide production is relativetygh, although thiseedis partially offset by the energetic value of

the byproduct hydrogen gas. All components used were commercially available, including the cation
exchange membranes.

2.3.2.2.3 Potential for Coupling with NPP Technologies

Electricity is requird for reverse osmosis water treatment (deionized feedwater to the anode and cathode
compartments), water pumps, electrolysis, and vacuum pumps. Increasing feedwater temperature was not
reported, but it is likely that this would increase reaction ratesnifpatible with the cation exchange
membranes and other componeNBPsof any type could supply the electricity and potentially-low
temperature heat for this process. A theoretical study was conducted on the possibility of producing
synthetic jet fuel fron seawater, and nuclear power was found to be a viable energy [§&lrce
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Figure2-9. Coupled NPRElectrolysissystem schematic.

2.4 Summary of NET Compatibility with NPPs

The previous sections descri@avide range of NETs that may have potential for coupling with nuclear
energy.Table2-1 summarizes these NE&nd their energy needs.

It is important to differentiatbetweerNETSs that will remove Cedirectly from the atmosphere (DAC
and EEW)andindirectly, by extracting it from the ocean (IS@)from biomass (BECCS, PyCCS,
gasification). Some NESwill produce CQ gas(DAC, ISC, BECCSgasification)that will need
geological sequestratidor long-term storage. ers wil transformCO; into other formsfor
sequestration or partial utilizatioBEW as bicarbonate diluted in watand PyCC&s biochar or bimil.

While the mairpurpose of NE¥is toredue atmospheri€O, concentratios, several potentially
attractive byproducts may be generdtern some of themsuch as bigyas or bieoil from PyCCS,
hydrogen fom ISC orgasification and electricity fom BECCS

Except forthe BECCSprocess, the NET systems considered would benefit from decarbonized electricity
generated by NEPSome NEB3 S-DAC and potentially EEW and ISCcould also benefit from NPP
waste heatwith essentially zero production cpstr some lowtemperature heaFinally, some NE$ L-

DAC, PyCCS, and gasificati@hwould benefit from highto veryhigh-temperature heat from NBP

Initial assessmesbf ramping capability of these systems are providebainle2-1, and initial

assessmesbf economic incentives to operating NPP&DAC syst@ma flexible wayareprovided in
Sectiord4.3.2.4

Finally, NPR have thepotential to pair well with DAC, EEW, and ISC systems by providing both
electricity and heat-or BECCSanNPPwould notbe expected tprovidesignificantadditionalvalue to
asystenthatproduces its owdecarbonized heandelectricity. For PyCCS and gasification, the NPP
can provide both heat and electricity to incretheefficiency of these systems.., it wouldsave bie
gas that would otherwise be useduelfthese systems)

Following this review, a detailed techiegonomic analysis of coupled NPP&DAC processes is proposed
in Sectiord, while a preiminary analyses with EEW and PyCCS is summarized in Appendtirs,
however, a detailed review of the quantity and quality of heat available from different typesstbNPP
match the heat temperature describe@ldhle2-1 is requiredandis completed in the next Section.
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Table2-1. Summary description of NETs and their compatibility with NPPs.

Short
description

Potential for
coupling with
NPP
technologies

Heat demand

Electricity
demand

Carbon-bearing
products for
sequestration

Major
byproducts

Minor
byproducts

Direct Air Capture Processes

L-DAC

Liquid solvent
Direct Air
Capture (high
temp) captures
CO; from
atmosphere

NPP to provide
electricity and
maybe heat

High-temp heat
(>900°C) if
available
(VHTR)

Likely baseload

COo.

None

None

S-DAC

Solid sorbent
Direct Air
Capture(low-
temp) captures
CQOz from
atmosphere

NPP to provide
hed and
electricity

Low-temp heat
(~150°C)

Likely baseload
(maybe flexible)

CO

None

None

BiomassBasedProcesses

BECCS

Biomass combustion

producse electricity,
CCsSfrom flue gas

NPPcouldprovide
heat/electricity for
CCS butthesewould
morelikely come
from biomass
combustion

(Supplies own heat)

(Supplies own
electricity)

CO

Steam,electricity

None

Gasification

Biomass
gasification
produces H2 and
CQOz thatare
captured with CCS
from the flue gas

NPP to provide
heat (could come
from bio-gas
combustionjand
electricity

>500°C

Slow ramping

Ramping unknown Ramping unknown

CQOz (and some
biocharandtar)

H2, CO

CHa

PyCCS

Biomass pyrolysis
producs biochar,
bio-oil and bic
gas; carbon
captued in flue
gas, char

NPP to provide
heat (could come
from bio-gas
combustionjand
electricity

200i 600°C

Slow ramping

Biochar, CO; (bio-
oil!)

Bio-oil

Hz, CO, CHs

Water-Based Rocesses

EEW

Engineered
enhanced
weathering: reast
atmospheric C®
with rocks, store
as bicarbonate in
sea

NPP to provide
electricity and heat
(as inDAC)

Same as DAC

Same as DAC

HCGOs

None

None

ISC

Indirect Seawater
Capture systems:
convert bicarbonate
from seawater into
CO; for geological
sequestration

NPP to provide
electricity, maybe
low-temp heat

<100°C

Ramping unknown

Ramping unknown

CO.

Ho, Oz in some
designs

None

1 Bio-oil could be directly sequestered, but it could also be used as a feedstock for a biorefinery to produce biofuels.
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3. HEAT CHARACTERISTICS OF NUCLEAR ENERGY TO SUPPORT
NEGATIVE EMISSIONS TECHNOLOGIES

The performance ofarious types of NPPonceptss estimatedn this sectiorusing industry
representative designs basedlwaliterature In particular, reactor performance in terms of heat
temperature anduantitygenerateds detailedto determine the availability to suppdiie NET processes
describedn the previous sectionThe ability of NPPsto provide heat at elevated temperatures was
investigated for three general reactor concepts:

1 Very High Temperature Reactors (VHTR) cooled by helium with direct helium Brayton cycle energy
conversionwith nominal outlecoolant temperature and thermal efficiency of 85@nd 45%,
respectively

1 Sodiumcooled Fast Reactor (SFR) coupled to a superheated steam Rankinei@yoteminal
outlet coolant temperature and thermal efficiency of ®D@nd 42%, respectiveland

1 Conventional Pressurizdijht-Watercooled Reactor (PWR) with saturated Rankine Steam Cycle
with nominal outlet coolartemperature and thermal efficiency of ~2€3and 35%, respectively.

The goals of the analysis presented in this sectiotoare

1 Charaterize the available temperature regime of nominal heat rejécttia would be considered as
Afreed heat f r asoalydorepedrindodhe enginonmerd gusedt i s

1 Identify the possibilities of providing process heaeatperatures higher than nominal heat rejection
and

1 Quantify the dependency of the reduction of the plant electrical output on the amount of process heat
supplyusingthese higher temperature options.

In this work, the heat extraction is done at thegneonversion side of the plant, rather than using the
reactor coolant, first to minimize the effect on the reactor design (and possibly safety) and, second, to
avoid any possible issues of dealing with radioactive coolant in the carbon capturé.system

3.1 VHTR

The analysis for the Very High Temperature Reactor is based on the HolosGen coadegiuof

cooled microreactd67]. This concept was selected because Argonne has participated in the design of
HolosGenthrough amARPA-E project[68]. As a part of that design work, a model of the direct helium

Brayton cycle for HolosGen was developed and describtabiopen literaturg69, 70] and it is

thereforeavailal e f or the present analysis. The Hol osGen
Plant Dynamics Code (PD(J1] for design, control, and transient analysis of Brayton cycles.

The reference design conditions for the Holas@eayton cycle are shown Figure3-1. The reactor

power is 22 MW thermal, which is converted to about 10 MW electric agtftle efficiency of 44.%.

The Brayton cycle layout is typical for an intercooled direct Brayton cycle, where helium coolant (at 7
MPa pressure) leaves the reactor (at 850 °C temperature) before expatiddrigrinine (to 3.5 MPa),

driving the generator to produce the electraaput. After the turbine, helium goes through the
recuperator, to recover sometbé useful thermal energy, before being sent to the cooler (at 125 °C) for
the heat rejection to the ultimate heat sink. The helium leaves the cooler at the designuesngfeta

°C and enters two stages of compressgiassing through Low-Pressure Compressor (to 4.9 MPa
pressure) and High-Pressure Compressor (back to 7 MPa), with intermediate cooling between these two
stages in the intercooler. The compressed hegjoes to the recuperator, then back to the reactor.

8 This does not apply to VHTR with direct cycle, as tisactor coolant and energy conversion flaiidthe same helium.
Helium, however, is not activated by the neusrand thus does not preseradioactivity risk to the process heat.
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Figure3-1. HolosGen VHTReference design conditions

As indicated irFigure3-1, 7.3 MW of heat is normally rejected from the cycle in the main cooler
between 125 °C and 4C, and 4.4 MW is rejected in the intercooler between 92 °C and 40 °C. The
helium flow rate is 1@t kg/s everywhere in the cycle (the dashed branching linfégume3-1 are not
activated in the design and are discussed below).

For a comparison ith other reactor concepts, which have different power levels, the results in this
section will be presented in relative terms, normalized to the total reactor power. For example, all VHTR
flow rates will be provided in percenbminal (%nom) units. Fromigure3-1, the relative nominal flow

rate is 16.37 kg/s/22 Wth = 0.744 kg/s/NWth.

Figure3-1 shows that the Brayton helium cycle has three major options for extracting heat for an external
process. These options are shown in the dashed bypass lines with possible HX locations, artdenclude
following:

1. Heat extraction at 850 °C lypassing some of the flow from the reactor outlet (orange bypass line
in Figure3-1). Note that this option represents the highest available temperature from the reactor.

Heat extraction with bypass from the turbine outlet at 620 °C (blue bypass Kigpire 3-1).

Indirect heat extraction after either of the bypass lines is merged with the main helium flow before the
cooler (black dashed HX symbol Figure3-1).

To investigate the effect of heat extractiontioe plant electrical output, a series of PDC calculations

were carried out with gradual increase in flovitia two bypass lines FRigure3-1. The reactor heat
production is still fixed at 22 M/th, as are the boundary conditions of 850 °C reactilet tenperature,

40 °C compresseinlet temperatures, and 3.5 MPa/7.0 MBaminimum/maximum cycle pressufe$he
calculations were still done in the design mdde example the turbine efficiency was held constant at
90%, and the effects of changing condismn the component design and performance were ignored. The

9 Note that these pressures, and or temperatures, may no longemnta @pticonditions different from the reference design in
Figure3-1. Re-optimizing the reactor and plant design for the new conditions is beyond the scope dflisis.an
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last important assumption for the calculations presented here is that any heat in the bypass flow is
assumed to be lost for electricity production purpoi$és either used in the process HX or removed from
the cycle in the cooler. In other words, no attempts were madeaugerany remaining heat after the
working fluid returndrom the process HX back to the cycle. Such optimization would depend on the
exact conditions of the process heat and therefore could not be generalized in this scoping study.

The main results of the calculations for VHTR are showrigure3-2, which plots the cycle efficiency

and plant net electrical output as a function of bypass (extraction) flow rate. Note that the bypass flow is
measured relative to the nominal flow ratd-igure3-1 (0.744 kg/s/MVth). Since the reactor power was
fixed, the reduction in the cycle efficiency in the first plot is directly proportional to the reduction in plant
electrical output in the send plot. The bypass flow fraction was increased until either zero electrical
outputwasachieved (fothe 850 °C case), where the energy produced in the turbine is just sufficient to
drive the compressors to circulate the reactor coolant, othg@20 °C case) until the bypass fraction
increased all the way to 100%, with full reactor flow rate sent to the bypasadictearly seen from
Figure3-2, helium extraction a higher temperature (850 °C) has a greater effect on the cycle efficiency
and plant electrical output, as highggade heat is diverted from the cycle to the process heat.

Figure3-2s hows the results of Adirectodo heat and fl ow e
in the bypass (extraction) lines. At the same time, the same bypass could be used totihecosater

inlet temperature. In this case, it is assumed that no heat is extracted in the bypass line itself, but in
another proceddX in serieswith the cooler (or black dashed HXHkigure3-1 and Option 3 in the above
list). The higher the bypass flow fraction, the more kig/perature coolant is sent to the cooler inlet
and, thus, the higher the cooler inlet temperature. The results for the correspondinimleboler
temperature, as a function of the bypass (extraction) flow, are shdwiguire3-3 (first plot). These

results demonstrate that any temperabatsveen the original cool@nlet temperature of 125 °C and 620
°C could be achieved with these bypass lines (850 °C bypass lggmravide temperatures up to 500

°C). The second plot iRigure3-3 combines the results in the first plot with the plant output firagare

3-2, and shows the plant electrical output versus ceaolet temperature, for each bypass flow. These
results demonstrateat for any given intermediate tperature for process heat, it is more efficient to use
theturbine-outlet 620 °C bypass option, rather than the {fgjgdde heat from the reactor outlet at 860

as it results irmsmaller reduction in the plant output.
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Figure3-3. Intermediatéheat extraction temperaturies aVHTR.

It is important to note that the cycle calculations describeddsar@enly providegheinlet condition of the
reactor fluid (heliumgnteringthe procestieatHX. How much heat can be extracted (or used by the
process) depends on the process itself and, in particular, the minimum temperature reqiareheent
processFor helium, the extraction heat can be calculatitl Equation5:

0 »a Y Y 5

where:
@ = helium specific heat (5193 JA4g),
a = extraction (bypass) flow rate, froRigure3-2,
“Y = extraction temperature, either 850 °@®a0 °C,and
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“Y = minimum temperature at which the process can accept heat.

Since that minimum temperature, in general, depends on the process to be used, the amount of heat
available to the process is also proedspendent. For the absolute limit, where a process can use heat all
the way to the minimum cycle temperature of 40tt@ amount of heat available to the process is equal

to the total heat rejection from the cycle in the cooler and intercooler. That upper limit can be easily
calculated as (1 cycle efficiency) * reactor power, with cycle efficiency definedrigure3-2.

In addition to the heat extraction options described above, another operating regime is also considered in
this study, wheréhereactor is utilized only to provedheat and not generate any electricity. In this

option, most of the balanad-plant (BOP) components Figure3-1 are eliminated. Instead, the coolant
from the reator, at 850 °C, is sent directly to a prockl¥s Then, the coolant is returned to the reactor by

a circulator (or pump). To minimize the effect on the reactor design, the return temperature (or
temperature leaving the proce$X) is assumed to be the sams the reactanlet temperature of 590 °C

in Figure3-1. The coolant will be at approximately the same pressure (around 7 MPa) everywhere in this
loop, except fothe pressure drops which are compensated for by the circulator. The rest of the BOP
components, like the turbine, recuperator, and compresseraot used in this configuration and no
electricity is produced by the plant. This option is therefore reféo@stheno-BOP scenario in the rest

of this report. The heat rate available in the proebsss equal to 100% of the reactor thermal power (22
MWth in Figure3-1).

3.2 SFR

A SodiumCooled Fast Reactor (SFR) concept is investigated as a representative of advanced reactors
with anintermediate (between VHTR and PWR) operating temperature range. Thesafmlylsé SFR is
based on the AFRROQO reactor desigir2]. A concept of the AFR00 steam cycle has been developed by
Argonne in previous work/3]. The steam cycle model development and the anagdyss®ented in &
presentvork was carried out using GE GateCycle softwars.

The reference design conditions for the AEBO steam cycle are shownHRigure3-4. Steam is provided

in the nuclear steam supply system (NSSS) steam generator (SG). The SG heat duty is 250 MW thermal,
which is converted to about 105 MW electric withycle efficiency of 41.8%. The AFROO steantycle
employs two turbine stagéshigh-pressure turbine (HPT) and lepvessure turbine (LPT), with moisture
separation (MSEP) between turbine stages. After the turbine, the flow goes to the condenser (COND),
then to a series of feedwater heaters (F)VHeaerator (DA), and condensate pumps (PUMP), before
returning to thesG. The heat in the feedwater heaters is provided by the steam extraction lines from the
turbines. The main steam after tB€&is at 500 °C and 16 MPa. The main steam flow rate througBGhe

is 110.8 kg/sFigure3-4 also highlights the available steam extraction conditions at intermediate
temperatures and pressures, as will be discussed later.

As indcated inFigure3-4, waste heat is normally rejected from the cycle in the condenser at 46 °C and
0.01 MPa. The condenser heat rejection uatderthe nominal conditions is 142.7 MW (57% of reactor
power). Thisheat is assumed in the model as lost to the environment and thus using it, or any part of it,
for the process heat would not affect the steam cycle efficiency and plant electrical output in any way.

For a comparison with other reactor concepts, whicle liifferent power levels, the results in this
sectionarepresented in relative terms, normalized to the total react@@ppower. For example, all
SFR flow ratesreprovided in perceatominal (%onom) units. Frofigure 3-4, the relative nominal flow
rate is 110.8 kg/s/250 With = 0.443 kg/s/NVth.
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Figure3-4. AFR-100 SFRreference design conditions and steam extraaijiions

To investigate the effect of heat extraction on the plant electrical output, a series of GateCycle
calculations were carried out with gradual increase in flow taken from the steam kngsri3-4.

These steam lines include the steam supply to the HP and LP turbines, at 500 °C and 150 °C, respectively,
as well as steam extraction lines to feedwater heaterstioRiPT (at 290 °C and 227C) and LPT (at

101 °C and 80 °C). For all these calculations, the steam cycle layéiguire3-4 was modified to allow

steam extraction for externalirposes at various locations. For example, to use the main steam at 500 °C
for the process heat, a flow split node was added upstream of the HP turbine. The primary port of that
flow spilit still provided flow to the turbine. However, the secondary platieflow split was connected

directly to the condenser to simulate heat removed from the system and thus lost to electricity production.
The mass flow rate in the secondary port for the external steam extraction was gradually increased from 0
(no extradbn) for as long as a convergent solution for the entire cycle could stibtagned by the

GateCycle. These calculations were then repeated for all available steam offigusdB-4.

For the steam extraction calculations, the reactor heat production (and heat adttig®Ghis still

fixed at 250 MVth, as are the boundary conditions of 500 °C main steam temperBLi@,condenser
temperatures, and 0.01 MPa/16 MPa of minimum/maximum cycle pressures. The calculations were done
in the design moddor example the turbine efficiency was held constant at 90%, and the effects of
changing conditions on the component desigd performance were ignored. Likewise, the feedwater
heater calculationseredone in the design mode, where the desired outlet temperature (or terminal
temperature differenceyasspecified and was held constant, with the code calculating the refuoired

side steam flow rate. As a result of these assumptionSGfiet temperature also remains fixed at 240

°C for all steam extraction flow rates. This means, together with the fixed SG heat duty and the outlet
temperature, that the steam flow rat¢heSG remains fixed at 110.8 kghs in the analysis of other
concepts presented in this section, it is assumed that any heat in the extraction flow is lost for electricity
production purposeit is either used in the process HX or removed from theeaycthe condenser. In

other words, no attempts were made toige any remaining heat after the working fluid returamifthe




































































































































